Boron is an essential nutrient for plants, but it is toxic in excess. Transgenic rice plants expressing an Arabidopsis thaliana borate efflux transporter gene, AtBOR4, at a low level exhibited increased tolerance to excess boron. Those lines with high levels of expression exhibited reduced growth. These findings suggest a potential of the borate transporter BOR4 for the generation of high-boron tolerant rice.
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Key words: boron transporter; inductively coupled plasma mass spectrometer (ICP-MS); highnutrient tolerance; transgenic rice; xylem sap Excess B causes plant growth reduction. 1) Reduced crop quality and yields due to B toxicity are a worldwide problem in food production, especially in arid areas. 2) Rice (Oryza sativa L.) is one of the most important cereal crops worldwide and is sensitive to B toxicity. Irrigation water contaminated with high B naturally or artificially causes B toxicity in rice. [3] [4] [5] [6] Because of the non-ionic nature and small molecular size of boric acid, an effective technique for B removal from the irrigation water is not available. Molecular breeding by manipulating B transport would be useful in creating B-toxicity tolerant rice plants. In Arabidopsis thaliana, a B efflux transporter gene, AtBOR4 has been reported to confer excess B tolerance. 7) In the present study, we examined the effect of AtBOR4 expression in rice on B-toxicity.
We generated transgenic rice plants expressing the AtBOR4-GFP fusion gene under the control of the cauliflower mosaic virus (CaMV) 35S RNA promoter. Expression vector Pro35S-AtBOR4-GFP 7) was used. A rice cultivar (O. sativa cv Nipponbare) and Agrobacterium tumefaciens (EHA101) were used for rice transformation. Rice transformation was carried out by the Agrobacterium-mediated method, described previously. 8) We generated four independent lines of transgenic rice (AtBOR4-GFPox nos. 1 to 4), and for each line, a line homozygous for T-DNA insertion was established at the T4 generation, and was used in subsequent studies. To elucidate the accumulation of the AtBOR4-GFP transcripts, quantitative (q) RT-PCR analysis was done. Total RNA was isolated from shoots of 3-week-old T4 plants growing in 0.5 mM CaCl 2 and 2 mM MES [2-(N-morpholino) ethanesulphonic acid] medium (pH 5.6) for 1 week, and then transferred to a hydroponic solution 9) supplemented with 18 mM of boric acid (the normal B condition) for a further 2 weeks. An RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and a PrimeScript RT Reagent Kit (Takara Bio, Shiga, Japan) were used for RNA extraction and cDNA synthesis respectively. qRT-PCR analysis was done using SYBR Premix Ex Taq II and the Thermal Cycler Dice Real Time System (both Takara Bio). The OsUBQ5 10) gene was used as internal control for transcript accumulation. Specific primers for AtBOR4-GFP (5 0 -GGAACTGTC-TTTCCGGTCGAA-3 0 and 5 0 -GCTGAACTTGTGGCC-GTTC-3 0 ) and OsUBQ5 (5 0 -GAAGGAGGAGGAAATC-GAAC-3 0 and 5 0 -CTTCACAGAGGTGATGCTAAGG-3 0 ) were used to amplify the fragments of respective genes by qRT-PCR. The AtBOR4-GFP gene was expressed in all the transgenic lines (nos. 1 to 4, Fig. 1a ). Two lines (nos. 3 and 4) showed low levels of expression, while expression was high in the other two (nos. 1 and 2).
To determine the expression pattern of AtBOR4-GFP, GFP fluorescence was observed by confocal laser microscopy LSM510 (Carl Zeiss, Oberkochen, Germany). It was detected in the plasma membranes of several root cells in the no. 1 line (Fig. 1b) . AtBOR4-GFP has been reported to localize in the plasma membranes of the distal sides of root cells in transgenic A. thaliana lines. 7) Polar localization of AtBOR4-GFP is probably important for the directional export of B from the roots to the soil to prevent the accumulation of B in the xylem. 7) In line no. 1, the polar localization of GFP fluorescence was not clear (Fig. 1b) . A similar fluorescent pattern was observed in the no. 2 line, but GFP fluorescence was not detected in the roots of the nos. 3 and 4 lines (data not shown).
For growth experiments under the excess amount of B, the transgenic plants were grown in 0.5 mM CaCl 2 and 2 mM MES medium (pH 5.6) for 1 week, and then exposed to 2.5 mM (the excess B condition) or 18 mM boric acid, which were supplied in hydroponic culture for a further 2 weeks (Figs. 2 and 3) . After B treatment, the fresh weights of the aerial parts were determined ( Fig. 3a and b) . Xylem sap was also collected. The B concentration in the xylem sap and aerial part was determined by ICP-MS analysis.
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y To whom correspondence should be addressed. Tel: +81-3-5841-5104; Fax: +81-3-5841-8032; E-mail: atorufu@mail.ecc.u-tokyo.ac.jp Abbreviation: ICP-MS, inductively coupled plasma mass spectrometer Under the 18 mM boric acid condition, the shoots of the nos. 1 and 2 lines were smaller than the wild-type (WT) shoots, and the B concentration of the xylem sap and the aerial parts was higher than that of the WT. In contrast, the nos. 3 and 4 lines were similar to the wild type both in terms of growth and B concentration in the xylem saps (Figs. 2 and 3a) .
Under the 2.5 mM boric acid condition, the shoots of the nos. 1 and 2 lines were smaller and the B concentration of aerial parts was higher than those of the WT (Figs. 2 and 3b) . The B concentration in the xylem sap of these lines could not be measured because collection of xylem sap was not possible for these lines. On the other hand, the no. 4 shoots were bigger than the WT shoots under the excess B condition (Fig. 2) . The fresh weight of the no. 4 aerial parts was also significantly greater than that of the WT (Fig. 3b) . The shoots of the no. 3 line also showed a tendency to be larger than those of the WT (Figs. 2 and 3b) . The B concentration of the xylem sap and aerial parts in the nos. 3 and 4 lines wassimilar to that of the WT.
These results suggest that overexpression of an efflux B transporter, AtBOR4-GFP, elevated B transport into the xylem in the high-expression lines (nos. 1 and 2), suggesting that AtBOR4-GFP is functional in transgenic rice. The elevated concentration of B in the xylem sap in lines nos. 1 and 2 might have been due to the obscure polarity of AtBOR4-GFP localization and a consequent enhanced efflux of B from the cells surrounding the xylem.
The shoot growth of lines 1 and 2 was inhibited under both the normal and the excess B condition as compared with the WT plants. In contrast, shoot growth improved under the excess B condition in weak AtBOR4-GFP expression lines no. 4 (Fig. 3) . Line no. 3 also exhibited a tendency to improve growth under the excess B condition (Fig. 3) . The B concentration of the xylem sap and aerial parts was not significantly different from those of the WT both under the normal and the excess B condition. These results indicate that weak expression of BOR4 can improve the growth of rice plants under excess B conditions. Although the concentration of B in the xylem sap and the aerial portions of the plants was not significantly different in the weak expression lines (lines 3 and 4), it is possible that weak expression of the AtBOR4-GFP gene affected the local distribution of B in certain cell types, resulting in an improvement in Btoxicity tolerance in the rice.
The present results indicate the potential of the use of efflux transporter of B in the generation of excess B-tolerant rice plants. Recently, suppression of a rice NAC-like transcriptional factor gene (BET1) was reported to improve B-toxicity tolerance in rice. 12) A combination of moderate expression of the AtBOR4 gene and loss-of-function of the BET1 gene are expected to increase B-toxicity tolerance in rice. These lines were grown for 2 weeks hydroponically under normal (18 mM) (a) and excess B (2.5 mM) (b) conditions. Means AE SD are shown (n ¼ 8 in fresh weight data for aerial parts; n ¼ 3 in B concentration data for aerial parts and xylem sap). The asterisks above the bars indicate significant differences ( Ã p < 0:01, ÃÃ p < 0:05) from the WT by Student's t test. NM, not measured, because the plants were too small to collect xylem sap from them.
